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Introduction {#sec1}
============

Circadian rhythms allow organisms to adapt to daily alterations in the environment, including changes in energy demand, and are critical for metabolic homeostasis. Indeed, disruptions in circadian rhythms are often correlated with metabolic disorders ([@bib3], [@bib19], [@bib22], [@bib25], [@bib28], [@bib30], [@bib33], [@bib34], [@bib40]). Nocturnin (*Noct*, *Ccrn4l*) is widely conserved among eukaryotes and is expressed ubiquitously in many mammalian tissues ([@bib2], [@bib41]). As a highly rhythmic output gene of the core circadian clock machinery ([@bib31]), *Nocturnin* mRNA levels peak at early night in mice. However, it has also been identified as an immediate-early gene, and it is acutely induced in response to numerous stimuli, including serum deprivation, lipopolysaccharide, and peroxisome proliferator-activated receptor γ (PPARγ) agonist rosiglitazone ([@bib14], [@bib21], [@bib29]). *Nocturnin* can also be induced by nutrient and metabolic cues, such as high-fat diet and olive oil gavage ([@bib7], [@bib17], [@bib38]). Analysis of *Nocturnin*^*−/−*^ animals has provided evidence for a role in numerous physiologic processes, including lipid metabolism ([@bib17], [@bib38]), adipogenesis ([@bib21]), osteogenesis ([@bib20]), and immune function ([@bib29]).

Nocturnin belongs to a family of proteins that include exonucleases, endonucleases, and phosphatases and is most closely related to the CCR4 family of deadenylases, which remove poly(A) tails from mRNAs ([@bib2], [@bib16]). This potential function and its capacity to respond to environmental cues make Nocturnin a candidate for fine-tuning transcriptional responses to metabolic challenges. By shortening the length of mRNA poly(A) tails, Nocturnin is predicted to destabilize its target mRNAs. RNA sequencing (RNA-seq) analysis of *Nocturnin*^*−/−*^ mouse liver revealed increased amplitudes in the daily rhythms of many enzymes regulating triglyceride and cholesterol synthesis, as well as an increased amplitude in response to a fasting-refeeding challenge ([@bib38]). This has led to the model that modulation of Nocturnin levels allows for post-transcriptional regulation of metabolic flux. In this study, we investigate the role of Nocturnin in mediating metabolic adaptation in brown adipose tissue (BAT). We find that Nocturnin exhibits dual localization within cells, with a portion of the protein targeted to the mitochondrion. *Nocturnin* is acutely induced in BAT in response to cold exposure, and a combination of transcriptomic and metabolic analyses indicate that it regulates long-term metabolic adaptation to cold exposure.

Results {#sec2}
=======

Nocturnin Localizes to Both the Mitochondria and Cytosol {#sec2.1}
--------------------------------------------------------

Analysis of *Nocturnin*\'s mRNA sequence reveals two potential in-frame translation initiation codons near the 5′ end in exons 1 and 2, separated by 64 amino acids ([Figure 1](#fig1){ref-type="fig"}A). Both start codons are surrounded by sequences that diverge from the canonical Kozak sequence. From publicly available quantitative translation initiating ribosome profiling data ([@bib5], [@bib9], [@bib13], [@bib15], [@bib18], [@bib32], [@bib42]), we found that global aggregate from human cell lines indicated peaks of ribosome occupancy at both methionines, referred to as Met^1^ and Met^65^ (numbering based on *Mus musculus* sequence) ([Figure 1](#fig1){ref-type="fig"}B). In addition, elongating ribosomes are readily observed in exon 1, before Met^65^ ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Analysis of Nocturnin\'s amino acid sequence (starting at Met^1^) predicts a putative mitochondrial targeting sequence within the first 65 amino acids, as determined by multiple prediction programs ([Figures 1](#fig1){ref-type="fig"}A and [S1](#mmc1){ref-type="supplementary-material"}B). Thus, we hypothesized that the choice of start codon determines Nocturnin\'s subcellular localization. We carried out biochemical fractionation of HEK293 cells to separate the mitochondrial and cytosolic fractions, followed by a Proteinase K protection assay on the mitochondrial fraction ([Figure 1](#fig1){ref-type="fig"}C). A portion of Nocturnin was significantly enriched in the mitochondrial fraction and protected from degradation upon Proteinase K treatment, confirming that Nocturnin localizes within the mitochondrial membrane.Figure 1Nocturnin Localizes to Both the Mitochondria and Cytosol via the Use of Alternative Translation Initiation Sites(A) Nocturnin contains two potential initiation codons (Met^1^ and Met^65^), separated by a mitochondrial targeting sequence. Nucleotides in red show the critical components of the Kozak sequence: a purine (A or G) at position −3 and a G following the AUG start codon.(B) Quantitative translation initiation sequencing (QTI-seq) analysis of human Nocturnin; graphs and data reproduced from GWIPS-viz database ([@bib26]).(C) Proteinase K (Prot.K) protection assay of the mitochondrial fraction from HEK293 cells. Mitochondrial fractions were treated with Proteinase K (100 μg/mL) or Triton X-100 (1%), and samples were blotted for MT-CO1 (mitochondrial) and TUBULIN (cytoplasmic) as controls. WCL, whole-cell lysate. Molecular weight markers are indicated in kilodaltons.(D) *Nocturnin*^*−/−*^ MEFs expressing exogenous versions of Nocturnin were stained with MitoTracker (red; mitochondria), FLAG antibody (green; NOCTURNIN). Scale bar, 21μM.(E) Oxygen consumption rates (normalized to protein concentration) in cells of the indicated genotype. Oligomycin, CCCP (carbonyl cyanide *m*-chlorophenylhydrazone), and antimycin A were injected at the indicated times.(F) Bar graph showing averages for basal and maximum respiration. A representative experiment from three independent experiments is shown.(G) State 4 respiration from permeabilized cells of the indicated genotype in response to complex I (pyruvate/malate) or complex II (succinate) substrates.N = 16--23 per group, \*\*\*\*p \< 0.0001, p values are calculated by two-way ANOVA followed by Tukey\'s post-hoc test. Data are represented as mean ± SEM; n.s., not significant. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

We transduced *Nocturnin*^*−/−*^ mouse embryonic fibroblasts (MEFs) with lentivirus expressing FLAG-tagged Nocturnin^wt^, as well as FLAG-tagged Nocturnin^M1A^ or Nocturnin^M65A^, to force translation initiation at the second or first start codon, respectively ([Figure 1](#fig1){ref-type="fig"}D). Nocturnin^M1A^ localized to the cytoplasm exclusively, whereas Nocturnin^M65A^ exhibited predominant mitochondrial localization (as detected by overlap with MitoTracker Red). Cells expressing wild-type Nocturnin exhibited both cytoplasmic and mitochondrial localization. Thus the choice of initiation codon is sufficient to determine Nocturnin\'s subcellular localization.

Nocturnin\'s localization to the mitochondrion suggests a potential role in mitochondrial function, and mitochondrial mRNAs are exclusively utilized for the production of components of the electron transport chain. Oxygen consumption measurements in *Nocturnin*^*−/−*^ MEFs revealed no significant differences in basal respiration, but a mild reduction in uncoupled respiration (induced by CCCP \[carbonyl cyanide *m*-chlorophenylhydrazone\]) ([Figures 1](#fig1){ref-type="fig"}E and 1F). Stable re-expression of Nocturnin ([Figure S1](#mmc1){ref-type="supplementary-material"}C) (in *Nocturnin*^*−/−*^ MEFs) was sufficient to rescue the defect in uncoupled respiration ([Figures 1](#fig1){ref-type="fig"}E and 1F). We therefore used permeabilized cells to assess organellar function in wild-type and *Nocturnin*^*−/−*^ MEFs. Analysis of state 4 (uncoupled) mitochondrial respiration ([Figure 1](#fig1){ref-type="fig"}G) revealed no defects in complex I (pyruvate/malate) or complex II (succinate) stimulated respiration, indicating that the mild respiratory defect observed in intact cells is due to metabolic alterations, as opposed to inherent reductions in mitochondrial function.

*Nocturnin* mRNA Is Acutely Induced in Brown Adipose Tissue Following Cold Exposure {#sec2.2}
-----------------------------------------------------------------------------------

The above results suggest that Nocturnin does not play a major role in regulating mitochondrial function in cultured MEFs but may be specifically important to metabolic control of the uncoupled state. *In vivo*, BAT is well known to use uncoupled mitochondrial respiration to generate heat in response to cold exposure via the rapid induction of mitochondrial uncoupling proteins (e.g., UCP-1). In this situation, nutrients (e.g., glucose, fatty acid) are rapidly oxidized within the tricarboxylic acid (TCA) cycle, providing substrates for the electron transport chain. Like HEK293 cells, biochemical fractionation of BAT indicated that Nocturnin is present in both cytoplasmic and mitochondrial compartments ([Figure 2](#fig2){ref-type="fig"}A). Furthermore, an acute cold-exposure protocol in mice (6°C for 4 h) revealed that *Nocturnin* transcripts are strongly induced in BAT ([Figure 2](#fig2){ref-type="fig"}B). We therefore examined the role of Nocturnin during cold exposure.Figure 2*Nocturnin* Is Induced in BAT in Response to Acute Cold Exposure(A) Biochemical fractionation of mitochondrial and cytoplasmic compartments in wild-type BAT, blotted for NOC, VDAC (mitochondrial outer membrane), MT-CO2 (mitochondrial matrix), and ACTIN (cytoplasm) proteins. Molecular weight markers are indicated in kilodaltons.(B) qRT-PCR analysis of BAT samples from wild-type and *Nocturnin*^*−/−*^ littermates kept at room temperature (RT) or exposed to cold (6°C) for 4 h.(C) Core body temperature of mice during prolonged cold exposure at 6°C; animals placed at cold at ZT1 (left) or ZT13 (right) (N = 8--10/genotype, yellow and gray shading indicating day and night, respectively).(D) Transcript levels of *Ucp1*, *Pparγ*, *PGC1α*, and *Dio2* genes normalized to *B2M* in BAT tissue of the indicated genotype and condition (N = 3--6). WR, wild-type room temperature; WC, wild-type cold; KR, *Nocturnin^−/−^* room temperature; KC, *Nocturnin^−/−^* cold.(E) mtDNA copy numbers in BAT of mice kept at RT or cold (6°C, 4h) (N = 4--5).(F) qRT-PCR analysis of mitochondrial-encoded genes in BAT. Transcript levels were normalized to mtDNA copy number. (N = 3--5).(G) Average fold changes for mtDNA genes in response to a 4-h cold exposure in the indicated genotypes.\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001 as analyzed by two-way analysis of variance (ANOVA) with a Tukey\'s post-hoc test (A, D, and F) or two-tailed Student\'s t test (C and G). Data are represented as mean ± SEM; ns, not significant.

Nocturnin expression is robustly circadian with peak mRNA and protein levels at the onset of night (ZT12) in murine liver ([@bib14], [@bib36], [@bib38], [@bib41], [@bib43]). In brown fat, Nocturnin mRNA is also circadian, with peak levels at ZT12 ([@bib43]). We therefore examined thermogenic responses in mice following cold exposure at two opposite phases of the circadian cycle. WT and *Nocturnin*^*−/−*^ mice were put in cold chambers at 1 h after light onset (ZT1) or 1 h after dark onset (ZT13), and temperatures were measured every 4 h for the following 12 h. We observed a mild deficit in thermogenic recovery in the *Nocturnin*^*−/−*^ mice in both conditions ([Figure 2](#fig2){ref-type="fig"}C). Thus, Nocturnin is not strictly required for cold-temperature adaptation, although adaptation mechanisms appear less robust in *Nocturnin*^*−/−*^ animals. Consistent with this, induction of known cold-responsive genes was largely intact in *Nocturnin*^*−/−*^ mice, although some genes (e.g., *Pparγ*) exhibited reduced responsiveness ([Figure 2](#fig2){ref-type="fig"}D).

Nocturnin\'s putative function as a deadenylase suggests a role in post-transcriptional regulation of mRNA stability via control of poly(A) tail length ([@bib2]). Twelve of the 13 mRNAs (*ND6* is the exception) encoded by the mitochondrial genome are polyadenylated with poly(A) tails shorter than those found on nuclear-encoded mRNAs in the cytoplasm, although the exact role of these tails is still being debated ([@bib33]). We therefore measured levels of mitochondrial RNA (mtRNA) species in the two genotypes at room temperature and following cold exposure. There were no apparent defects in mitochondrial genome content in *Nocturnin*^*−/−*^ BAT ([Figure 2](#fig2){ref-type="fig"}E), suggesting that mitochondrial biogenesis is unchanged. However, whereas levels of mtRNA species did not change significantly in response to cold exposure in the WT mice, the mtRNAs in the *Nocturnin*^*−/−*^ BAT were modestly affected by temperature, with globally elevated levels in room temperature-housed mice and global decreases following cold exposure ([Figures 2](#fig2){ref-type="fig"}F and 2G).

Regulation of Mitochondrial Metabolic Genes Is Altered in *Nocturnin*^*−/−*^ BAT {#sec2.3}
--------------------------------------------------------------------------------

The acute induction of *Nocturnin* in response to cold ([Figure 2](#fig2){ref-type="fig"}B) suggests that it may regulate the overall transcriptional response to cold exposure. We performed mRNA-seq analysis on BAT isolated from wild-type and *Nocturnin*^*−/−*^ littermates at room temperature or after a 4-h cold challenge. Differential expression analysis between the two temperatures revealed some changes in the transcriptional response to cold between wild-type and *Nocturnin*^*−/−*^ animals ([Figures 3](#fig3){ref-type="fig"}A and 3B and [Table S1](#mmc2){ref-type="supplementary-material"}). Many of the mRNAs that showed altered levels in response to temperature were not different between genotypes, and among those genes that were uniquely regulated in either wild-type or *Nocturnin*^*−/−*^ animals, similar gene ontology pathways were represented ([Figures 3](#fig3){ref-type="fig"}C and 3D, [Table S1](#mmc2){ref-type="supplementary-material"}). Thus the overall transcriptional response to acute cold exposure is largely conserved in *Nocturnin*^*−/−*^ animals, with only subtle changes.Figure 3Altered Expression of Mitochondrial Metabolic Genes in *Nocturnin*^*−/−*^ BAT Following Cold Exposure(A) Venn diagrams of common and unique genes that are differentially expressed following 4-h cold exposure in wild-type (WC/WR) and *Nocturnin*^*−/−*^ (KC/KR) BAT. Top: Venn diagram of upregulated genes. Bottom: Venn diagram, downregulated genes. Blue, WT; red, *Nocturnin*^*−/−*^. WR, wild-type room temperature; WC, wild-type cold; KR, *Nocturnin*^*−/−*^ room temperature; KC, *Nocturnin*^*−/−*^ cold.(B) Volcano plot for uniquely changing genes in WT and *Nocturnin*^*−/−*^ BAT following 4-h cold exposure. y axis represents --log~10~(FDR). x axis represent log~2~(fold change) from differential expression analysis statistics.(C and D) Functional enrichment analyses of uniquely differentially expressed genes in (C) WT (\# of genes = 1,935) and (D) *Nocturnin*^*−/−*^ (\# of genes = 399). Downregulated pathways are shown in gray; upregulated pathways are shown in black. y axis represents odds ratios (OR). x axis represents --log~10~(FDR). The top three most significant categories are shown.(E and F) Visualization of the top 100 connections ranked by weighted topological overlap values for module 1 (dark green, KR correlated) and module 2 (midnight blue, WC correlated). Node size corresponds to the number of edges (*degree*). Side dot plots with standard errors demonstrate the association of the modules detected with genotype and temperature. Standard errors are calculated based on the eigengene across samples. Dots represent the mean eigengene for that module. Side bar plots show the top three gene ontology groups of the module based on --log~10~(FDR). FDR, false discovery rate.See also [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}.

To determine whether there might be gene expression changes driven by the intersection of genotype and temperature at the network level, we performed weighted gene co-expression network analysis ([@bib10], [@bib23]) ([Table S2](#mmc3){ref-type="supplementary-material"}). We identified two modules with gene expression patterns driven by samples with a specific combination of genotype and temperature. Module 1 (dark green, [Figure 3](#fig3){ref-type="fig"}E) represents genes most highly correlated in the *Nocturnin*^*−/−*^ BAT room-temperature samples (see eigengene inset). Module 2 (midnight blue, [Figure 3](#fig3){ref-type="fig"}F) represented genes most highly correlated in wild-type BAT cold samples. Interestingly, whereas the dark green and midnight blue modules contain completely independent genes, ontology analysis indicates that both modules are highly enriched in genes linked to mitochondrial function ([Figures 3](#fig3){ref-type="fig"}E and 3F, [Table S2](#mmc3){ref-type="supplementary-material"}).

Metabolomics Analysis Reveals Altered Long-Term Metabolic Adaptation in *Nocturnin*^*−/−*^ BAT {#sec2.4}
----------------------------------------------------------------------------------------------

The network analysis above suggests a metabolic role for Nocturnin induction during cold exposure. We therefore performed targeted metabolomics measurements in BAT from wild-type and *Nocturnin*^*−/−*^ mice in response to a 4-h cold exposure ([Figure 4](#fig4){ref-type="fig"}A, [Table S3](#mmc4){ref-type="supplementary-material"}). Unsupervised hierarchical clustering and principal-component analysis (PCA) reliably separated room-temperature and cold-exposure samples but could not distinguish wild-type and *Nocturnin*^*−/−*^ genotypes ([Figures 4](#fig4){ref-type="fig"}A and 4B). These results indicate that the overall metabolic response to acute cold exposure is largely maintained in *Nocturnin*^*−/−*^ BAT.Figure 4Tricarboxylic Acid Cycle Intermediates Are Altered in *Nocturnin*^*−/−*^ BAT in Response to Prolonged Cold Exposure(A) Heatmap representing hierarchical clustering of normalized metabolite abundances from the indicated genotypes, subject to room temperature (RT) or a 4-h cold exposure. Color bar reflects log-transformed abundance levels. Sample identity is indicated at the top of each column.(B) Principal-component analysis of wild-type and *Nocturnin*^*−/−*^ BAT subject to RT or a 4-h cold exposure. Ovals represent 95% confidence intervals. Contribution of each principal component to total variance is indicated. Same color scheme as (A).(C) Heatmap representing hierarchical clustering of normalized metabolite abundances from the indicated genotypes, subject to RT or a 7-day cold exposure. Color bar reflects log-transformed abundances. Sample identity is indicated at the top of each column.(D) Principal-component analysis of wild-type and *Nocturnin*^*−/−*^ BAT subject to RT or a 7-day cold exposure. Same color scheme as (C). Ovals represent 95% confidence intervals. Contribution of each principal component to total variance is indicated.(E) Contribution of the top 30 metabolites contributing to principal component 1 (PC1) for the principal component analysis of 7-day metabolomics shown in (D). Mitochondrial TCA-related metabolites are shown in red. Absolute magnitude of coefficients for each metabolite for PC1 (7-day) are plotted.(F) Normalized abundances for select TCA metabolites in wild-type and *Nocturnin*^*−/−*^ BAT subject to RT or a 4-h cold exposure. Boxplots display the median, 25^th^ and 75^th^ percentiles, and the range for metabolite levels. Same color scheme as (A). N = 4/genotype. \*p \< 0.05, as analyzed by analysis of variance (ANOVA) with a Tukey\'s post-hoc test; n.s., not significant.(G) Same as (F), but for BAT subject to RT or a 7-day cold exposure. Same color scheme as (B). N = 4--5/genotype.\*p \< 0.05, as analyzed by analysis of variance (ANOVA) with a Tukey\'s post-hoc test.See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"} and [Table S3](#mmc4){ref-type="supplementary-material"}.

As Nocturnin\'s putative function invokes regulation of mRNA stability, we hypothesized that its induction during cold exposure may play a role during longer-term adaptations. To examine this possibility, we assessed animals subject to a prolonged cold exposure (7 days). *Nocturnin*^*−/−*^ animals did not display any defects in core body temperature or body weight during this challenge ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Despite this, steady-state metabolomics revealed striking differences between wild-type and *Nocturnin*^*−/−*^ BAT ([Figures 4](#fig4){ref-type="fig"}C and 4D, [Table S3](#mmc4){ref-type="supplementary-material"}): Unsupervised hierarchical clustering and PCA revealed that *Nocturnin*^*−/−*^ BAT clusters distinctly from other conditions after a 7-day cold exposure. Interestingly, 7-day cold wild-type BAT appears to occupy an intermediate position between room-temperature groups and 7-day cold *Nocturnin*^*−/−*^ BAT ([Figures 4](#fig4){ref-type="fig"}C and 4D), indicating that long-term metabolic adaptation in *Nocturnin*^*−/−*^ BAT is distinct and more profound than in wild-type BAT. To assess the relevant metabolic pathways mediating separation of 7-day cold *Nocturnin*^*−/−*^ BAT, we focused on principal component 1 (PC1) in the PCA, which reliably separates these groups. Of the top 10 metabolites contributing to PC1, seven reflect intermediates in the mitochondrial TCA cycle ([Figure 4](#fig4){ref-type="fig"}E). This pattern was specific to the 7-day analysis ([Figures S3](#mmc1){ref-type="supplementary-material"}A and S3B). We therefore compared patterns of TCA metabolite abundances in 4-h and 7-day cold-exposure cohorts. BAT is known to readily use succinate as a key mitochondrial fuel source during acute cold exposure ([@bib27]), and *Nocturnin*^*−/−*^ animals maintained this metabolic signature ([Figure 4](#fig4){ref-type="fig"}F), consistent with their overall ability to maintain thermogenesis. However, succinate levels in wild-type BAT were relatively blunted after 7 days, whereas *Nocturnin*^*−/−*^ BAT displayed continued striking increases in succinate levels, accompanied by similar increases in other TCA cycle metabolites ([Figure 4](#fig4){ref-type="fig"}G). Consistent with this model, *Slc25a10*, the mitochondrial dicarboxylate carrier responsible for succinate entry into the mitochondria, is specifically downregulated in wild-type, but not *Nocturnin*^*−/−*^, animals after 4-h cold exposure ([Figure S2](#mmc1){ref-type="supplementary-material"}C). Thus, we propose that whereas BAT metabolism is profoundly altered in response to an acute cold exposure, the induction of *Nocturnin* serves to suppress the acute metabolic response in the case of long-term cold exposure, thereby mediating long-term adaptation.

Discussion {#sec3}
==========

Our results indicate that the induction of *Nocturnin* is non-essential during cold exposure in mice, but plays a role in regulating long-term metabolic adaptation of BAT. Mechanistically, the precise function and targets of Nocturnin are unknown, although it has been implicated in de-stabilizing mRNAs (via control of poly(A) tail lengths) as well as circadian control of metabolic enzymes. Tuning of transcriptional responses via regulation of mRNA stability may be important for the long-term outcome to an environmental challenge, and this role for Nocturnin may underlie its role in long-term metabolic adaptation. Alternatively, Nocturnin may have a more direct function in controlling metabolic activity. In addition, dual localization within the cytosol and mitochondria allows Nocturnin to potentially coordinate metabolism in different compartments. Studies examining BAT with exclusively localized mitochondrial versus cytosolic Nocturnin will be need to validate this model. However, the relatively subtle changes in gene expression observed in *Nocturnin*^*−/−*^ animals suggest that loss of this gene is having an indirect effect on mitochondrial metabolism rather than targeting a few specific transcripts.

In the setting of cold exposure, BAT must rapidly oxidize nutrients within the mitochondrion to generate heat and maintain body temperature. Recent reports indicate that muscle-derived succinate serves as an important substrate during the acute cold response and that exogenous administration of succinate is sufficient to promote thermogenesis and weight loss ([@bib27]). Acute utilization of succinate appears intact in *Nocturnin*^*−/−*^ animals, whereas wild-type animals appear to downregulate succinate oxidation in the long term, perhaps shifting to alternative carbon sources. We hypothesize then that Nocturnin induction serves to limit the amplitude of the initial cold response. In this model, Nocturnin\'s role in multiple compartments allows for fine-tuning of metabolic adaptations during a prolonged environmental challenge. Despite the striking differences observed in metabolite levels, we observed no overt phenotypes related to body weight or core body temperature in *Nocturnin*^*−/−*^ animals subject to prolonged cold. Importantly, steady-state metabolite levels are not directly indicative of pathway flux, and future experiments using *in vivo* isotope tracing techniques will be required to validate specific mechanisms of metabolic adaptation.

Limitations of the Study {#sec3.1}
------------------------

It is important to mention that energy balance and temperature are tightly regulated via hypothalamus and systemic cues, and the lack of obvious phenotypes in *Nocturnin*^*−/−*^ animals could be due to compensatory mechanisms such as browning of white adipose tissue or muscle-based thermogenesis. Whether the phenotypes we observe are due to Nocturnin function in the mitochondria, the cytoplasm, or both cannot be determined by the experiments proposed here and will require the generation of mice expressing specific isoforms. In addition, a significant limitation of our study is that our comparisons were made between subjects at 6°C and room temperature, as opposed to thermoneutral animals (∼30°C). In addition, rectal temperature measurements predominantly reflect whole-body temperature and are subject to handling-induced stress, whereas telemetry measurements of BAT temperature will provide a more robust and direct measurement of BAT function. In the future, a detailed phenotypic analysis of BAT in *Nocturnin*^*−/−*^ mice will be important to evaluate the functional importance of Nocturnin during long-term stressors.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
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All data supporting the findings of this study are available within the article, extended data files, or available from the corresponding author upon reasonable request. The NCBI Gene Expression Omnibus (GEO) accession number for the RNA-seq data reported in this study is [GSE133050](ncbi-geo:GSE133050){#interref15} (token: ymregeultsvtih).
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